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Attorney Docket No. 60303.4 

RARE EARTH MAGNET AND 
METHOD FOR PRODUCING THE MAGNET 

BACKGROUND OF THE INVENTION 

Field of the Invention: 

[0001] The present invention relates to an R-Fe-B-type rare earth magnet, 
an alloy powder for such a rare earth magnet, a method of making the powder, 
and a method for producing the magnet. 

Description of the Related Art: 

[0002] A rare earth sintered magnet is produced by pulverizing a material al- 
loy for the rare earth magnet to obtain an alloy powder, compacting the alloy 
powder, sintering the compact and then subjecting the sinter to an aging treat- 
ment The rare earth sintered magnets extensively used today for various appli- 
cations are roughly classifiable into the two types, namely, samarium-cobalt-type 
magnets and rare earth-iron-boron-type magnets. Among other things, the rare 
earth-iron-boron-type magnets (which will be referred to herein as " R-Fe-B-type 
magnets" , where R is one of the rare earth elements including Y, Fe is iron and 
B is boron) recently have been extensively applied to various types of electronic 
apparatuses. This is because an R-Fe-B-type magnet can exhibit a higher mag- 
netic energy product than any other type of permanent magnet and yet is rela- 
tively inexpensive. It should be noted that a transition metal element such as Co 



2 



may be substituted for a portion of Fe in the R-Fe-B-type magnet, and carbon 
may be substituted for a portion of boron. 

[0003] A powder of a material alloy for an R-Fe-B-type rare earth magnet is 
sometimes prepared by a method including first and second pulverization proc- 
esses. That is to say, the material alloy is coarsely pulverized in the first pulveri- 
zation process and then the coarsely pulverized alloy is finely pulverized in the 
second pulverization process. More specifically, the material alloy is embrittled In 
the first pulverization process by utilizing a hydrogen occlusion phenomenon so 
as to be coarsely pulverized to sizes of several hundreds of micrometers or less. 
Thereafter, in the second pulverization process, the coarsely pulverized alloy (or 
coarsely pulverized powder) is finely pulverized to a mean particle size that is 
several micrometers using a jet mill machine or other suitable apparatus. 

[00041 Methods for preparing the material alloy itself may also be generally 
classifiable into the two types: ingot casting and rapid cooling processes. 
Specifically, in an ingot casting process, a melt of the material alloy is poured 
into a casting mold and cooled in the casting mold relatively slowly. Typical ex- 
amples of the rapid cooling processes include a strip casting process and a cen- 
trifugal casting process. In the rapid cooling process, a melt of the material alloy 
is brought into contact with, and rapidly cooled by, a single roller, twin rollers, a 
rotating chill disk, a rotating cylindrical chill mold or other similar device, thereby 
making a solidified alloy that is thinner than an ingot cast alloy. 

[00051 In a rapid cooling process as described above, a melt of a material al- 
loy is normally cooled at a rate of 10^ ""C/sec to 2^104 ^C/sea A rapidly solidified 
alloy prepared by the rapid cooling process usually has a thickness of 0.03 mm to 
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10 mm. The melt starts to solidify upward at the lower surface thereof that is in 
contact with a chill roller (which surface will be referred to herein as a " roller 
contact surface" ). From the roller contact surface, crystals In the shape of pil- 
lars (columns) or needles grow upward in the thickness direction. As a result, 
the rapidly solidified alloy has a microcrystalline structure including an R2T14B 
crystalline phase and an R-rich phase. Fine crystal grains of the R2T14B phase 
have a minor-axis size of 0.1 p m to 100 p m and a major-axis size of 5 p m to 
500 p m. The " R-rich phase" as used herein means a non-magnetic phase in 
which a rare earth element R is present at a relatively high percentage. The R- 
rich phase is dispersed around the grain boundaries of the R2T14B phase. The 
thickness of the R-rich phase (corresponding to the width of the grain boundaries) 
is 10 p m or less. 

[0006] Compared to an ingot cast alloy, i.e., an alloy prepared by the known 
ingot casting (or mold casting) process, the rapidly solidified alloy has been 
cooled in a relatively short time. Thus, the rapidly solidified alloy has a finer 
structure with smaller crystal grain sizes. Also, in the rapidly solidified alloy, 
crystal grains are finely dispersed, the grain boundaries thereof have a wider 
area and the R-rich phase is distributed thinly over the grain boundaries. Ac- 
cordingly, the rapidly solidified alloy is also advantageous in the dispersion of 
the R-rich phase. 

[0007] After a rapidly solidified alloy such as that described above has been 
pulverized by the above-described techniques, the resultant powder is com- 
pacted using presses, thereby obtaining a powder compact. Also, by sintering 
this powder compact, an R-Fe-B-type rare earth magnet can be obtained. 
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[0008] In the prior art, a block-shaped sintered magnet, which is greater in 
size than a size of the final magnet product, is formed and then cut and/or proc- 
essed to obtain a magnet having a desired shape and size. 

[0009] Recently, however, a sintered magnet having a non-ordinary complex 
shape (e.g., arced shape) is in high demand. In response to this demand, even 
an as-pressed powder compact should sometimes have a shape that is close 
to that of a final magnet product. To make a compact having such a complex 
shape, a pressure to be applied to the powder being pressed and compacted 
(which pressure will be herein referred to as a compaction pressure" ) should 
be reduced compared to the known process. In producing an anisotropic mag- 
net, the compaction pressure is low to increase the degree of magnetic alignment 
of the powder particles. 

[0010] If the compaction pressure is reduced, however, the resultant com- 
pact density is reduced, and eventually its strength is decreased. As a result, 
the compact easily cracks or chips when the as-pressed compact is unloaded 
from the die cavity of the press or in any of the various succeeding process 
steps. In particular, an alloy powder for an R-Fe-B-type rare earth magnet often 
has an angular shape and has a compactibility that Is inferior to those of other 
magnet material powders. Also, if the material alloy has a fine structure as in a 
strip cast alloy, then the powder obtained by pulverizing such an alloy should 
have a sharp particle size distribution. Accordingly, the springback (i.e., the 
elastic recovery of a compact that is observed when the compaction pressure 
applied to the powder is released) is remarkably observed in such a compact. 
As a result, the compact also likely cracks or chips. When the compact cracks 
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or chips in this manner, the production yield drops, thus increasing the produc- 
tion costs disadvantageously. What is worse, valuable material resources cannot 
be utilized effectively enough. Problems like these are particularly noticeable if, 
while a material alloy for an R-Fe-B-type rare earth magnet is finely pulverized 
with a jet mill, for example, powder particles of relatively large sizes are screened 
out using a classifying rotor to increase the coercivity of the resultant magnet. 

SUMMARY OF THE INVENTION 

[0011] In order to solve the problems described above, preferred embodi- 
ments of the present invention provide an alloy powder for an R-Fe-B-type rare 
earth magnet that achieves excellent compactibility even at a relatively low com- 
paction pressure. 

[0012] According to one preferred embodiment of the present invention, an 
inventive method of making an alloy powder for an R-Fe-B-type rare earth mag- 
net includes the steps of preparing a material alloy that is to be used to form the 
R-Fe-B-type rare earth magnet and that includes a chilled structure that consti- 
tutes about 2 volume percent to about 20 volume percent of the material alloy, 
coarsely pulverizing the material alloy for the R-Fe-B-type rare earth magnet by 
utilizing a hydrogen occlusion phenomenon to obtain a coarsely pulverized 
powder, finely pulverizing the coarsely pulverized powder and removing at least 
some of fine powder particles having particle sizes of about 1.0 p m or less 
from the finely pulverized powder, thereby reducing the volume fraction of the 
fine powder particles having the particle sizes of about 1 .0 p m or less, and cov- 
ering the surface of remaining ones of the powder particles with ^ lubricant after 

* 
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the step of removing at least some of the fine powder particles has been per- 
formed. 

[0013] In a preferred embodiment of the present invention, the alloy powder 
is preferably made so as to have a volume particle size distribution with a single 
peak and a mean particle size (FSSS particle size) of about 4 p m or less. In the 
volume particle size distribution, a total volume of particles that have particle 
sizes falling within a first particle size range is preferably greater than a total vol- 
ume of particles that have particle sizes falling within a second particle size 
range. The first particle size range is defined by a particle size A representing the 
peak of the volume particle size distribution and a predetermined particle size B 
that is smaller than the particle size A. The second particle size range is defined 
by the particle size A and another predetermined particle size C that is larger than 
the particle size A. The particle size C minus the particle size A is preferably 
substantially equal to the particle size A minus the particle size B. 

[0014] In another preferred embodiment of the present invention, the alloy 
powder may be made so as to have a volume particle size distribution with a sin- 
gle peak and a mean particle size (FSSS particle size) of about 4 p m or less. A 
particle size D representing a center of a full width at half maximum of the volume 
particle size distribution may be smaller than a particle size A representing the 
peak of the volume particle size distribution. 

[0015] In still another preferred embodiment, the step of finely pulverizing the 
coarsely pulverized powder is performed using a high-speed flow of an inert gas. 

[0016] In this particular preferred embodiment, the coarsely pulverized pow- 
der may be finely pulverized using a jet mill. Alternatively, the qoarsely pulver- 
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ized powder may be finely pulverized using a pulverizer that is combined with a 
classifier for classifying the powder particles output from the pulverizer. 

[0017] In yet another preferred embodiment, the material alloy for the rare 
earth magnet may be obtained by cooling a melt of the material alloy at a cooling 
rate of approximately 10^ X/sec to approximately 2^1 °C/sec. 

[0018] In that case, the melt of the material alloy is preferably cooled by a strip 
casting process. 

[0019] In another preferred embodiment of the present invention, an inven- 
tive method for producing an R-Fe-B-type rare earth magnet includes the steps 
of preparing the alloy powder for the R-Fe-B-type rare earth magnet by any of 
the above-described preferred embodiments of the inventive method of making 
an alloy powder, compacting the alloy powder for the R-Fe-B-type rare earth 
magnet at a pressure of about 100 MPa or less by a uniaxial pressing process, 
thereby making a powder compact, and sintering the powder compact to pro- 
duce a sintered magnet. 

[0020] According to yet another preferred embodiment of the present Inven- 
tion, an inventive alloy powder for an R-Fe-B-type rare earth magnet is produced 
by pulverizing a material alloy that is to be used to form the for the R-Fe-B-type 
rare earth magnet and that includes a chilled structure that constitutes about 2 
volume percent to about 20 volume percent of the material alloy. The powder 
preferably has a volume particle size distribution with a single peak and a mean 
particle size (FSSS particle size) of about 4 p m or less. In the volume particle 
size distribution, a total volume of particles that have particle sizes falling within a 
first particle size range is greater than a total volume of particles tf^at have particle 
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Sizes falling within a second particle size range. The first particle size range is 
defined by a particle size A representing the peak of the volume particle size dis- 
tribution and a predetermined particle size B that is smaller than the particle size 
A. The second particle size range is defined by the particle size A and another 
predetermined particle size C that is larger than the particle size A. The particle 
size C minus the particle size A is preferably substantially equal to the particle 
size A minus the particle size B. 

[0021] In a further preferred embodiment of the present invention, an inven- 
tive alloy powder for an R-Fe-B-type rare earth magnet is obtained by pulverizing 
a material alloy that is to be used to form the R-Fe-B-type rare earth magnet and 
that includes a chilled structure that constitutes about 2 volume percent to 
about 20 volume percent of the material alloy. The powder preferably has a 
volume particle size distribution with a single peak and a mean particle size 
(FSSS particle size) of about 4 p m or less. A particle size D representing a cen- 
ter of a full width at half maximum of the volume particle size distribution is pref- 
erably smaller than a particle size A representing the peak of the volume particle 
size distribution. 

[0022] According to still another preferred embodiment of the present inven- 
tion, an inventive alloy powder for an R-Fe-B-type rare earth magnet includes a 
chilled structure that constitutes about 2 volume percent to about 20 volume 
percent of the alloy powder. The powder preferably has a mean particle size of 
about 2 p m to about 10pm. The fraction of fine powder particles with particle 
sizes of about 1.0 p m or less is preferably controlled to constitute about 10% 
or less of the total volume of all powder particles. The surface of the powder 
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particles is preferably covered with a lubricant. 

[0023] In a preferred embodiment of the present invention, the powder is 
preferably prepared by pulverizing a rapidly solidified alloy that has been ob- 
tained by cooling a melt of a material alloy at a cooling rate of approximately 
102 ^c/sec to approximately 2x10^ ^C/sec. 

[0024] In yet another preferred embodiment of the present invention, an in- 
ventive R-Fe-B-type rare earth magnet is made from the inventive alloy powder 
for the R-Fe-B-type rare earth magnet that is produced according to other pre- 
ferred embodiments of the present invention described above. 

[0025] Other features, processes, steps, characteristics and advantages of 
the present invention will become more apparent from the following detailed 
description of preferred embodiments of the present invention with reference to 
the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[QQ26\ FIG. 1 illustrates an arrangement for a single-roller-type strip caster 
preferably used in a preferred embodiment of the present invention. 

[0027] FIG. 2 is a graph illustrating an exemplary temperature profile for a 
hydrogen pulverization process to be carried out as a coarse pulverization proc- 
ess according to a preferred embodiment of the present invention. 

[0028] FIG. 3 is a cross-sectional view illustrating a construction of a jet mill 
machine preferably used to perform a fine pulverization process according to a 
preferred embodiment of the present invention. 
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[0029] FIG. 4 is a microgram illustrating a microcrystalline cross-sectional 
structure of a rapidly solidified alloy in which no chilled structure has been formed. 

[0030] FIG. 5 is a microgram illustrating a microcrystalline cross-sectional 
structure of a rapidly solidified alloy in which a chilled structure has been formed. 

[0031] FIG. 6 is a graph illustrating the particle size distribution of an alloy 
powder for a rare earth magnet in an example of preferred embodiments of the 
present invention and that of a comparative example. 

[0032] FIG. 7A is a graph illustrating the particle size distribution, of the ex- 
ample of preferred embodiments of the present invention; and 

[0033] FIG. 7B is a graph illustrating the particle size distribution of the 
comparative example. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0034] The present inventors extensively studied how the microcrystalline 
structure of a rapidly solidified alloy prepared by a strip casting process, for ex- 
ample, influences the particle size distribution of a powder obtained from the al- 
loy. As a result, the present inventors discovered that if the volume percentage 
of a chilled structure included in the rapidly solidified alloy is controlled to be 
within a range of about 2 volume percent to about 20 volume percent of the alloy, 
a finely pulverized powder with a particle size distribution that greatly improves 
the powder compactibility can be obtained. The basic concepts of preferred em- 
bodiments of the present invention are based on this discovery. 

[0035] As used herein, the " chilled structure" refers to a crystalline phase 
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that is formed around the surface of a cooling member (e.g., a chill roller) of a 
melt quenching machine soon after a melt of an R-Fe-B-type rare earth alloy 
has come into contact with the surface of the cooling member and has started 
to solidify. Compared to a columnar (or dendrite) structure that will be formed 
after the initial stage of the rapid cooling/solidification process, the chilled struc- 
ture is more isotropic (or isometric) and finer. 

[0036] It was widely believed in the art that an R-Fe-B-type rare earth alloy 
should preferably include as small a volume fraction of chilled structure as possi- 
ble. For example, Japanese Laid-Open Publication No. 10-317110 teaches that 
the creation of the chilled structure should be suppressed because the existence 
of that structure is believed to be a non-negligible factor to be considered when 
forming super-fine powder particles. Japanese Laid-Open Publication No. 10- 
317110 also proposes that to minimize the creation of the chilled structure, the 
surface of a roller that comes into contact with a molten alloy during the rapid so- 
lidification process of a material alloy should have its thermal conductivity de- 
creased. 

[0037] However, the present inventors discovered and confirmed via ex- 
periments that if the percentage of the chilled structure was increased to about 
2 volume percent or more of the entire rapidly solidified alloy, then a powder 
obtained by finely pulverizing the alloy had an appropriately broadened particle 
size distribution, thus improving the compact density (or green density) and com- 
pactibility of the resultant powder compact. These effects were achieved be- 
cause the isometric chilled structure would have been pulverized and would still 
be included in the finely pulverized powder. 
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[00381 Thus, according to preferred embodiments of the present invention, 
first, a rapidly solidified alloy including the chilled structure constituting about 2 
volume percent to about 20 volume percent of the alloy is subjected to a hydro- 
gen process, thereby coarsely pulverizing the alloy (i.e., a material alloy for a 
rare earth magnet). This coarse pulverization process wilt be herein referred to 
as a " first pulverization process" . Next, the material alloy is finely pulverized. 
This fine pulverization process will be herein referred to as a " second pulveriza- 
tion process" . Thereafter, the resultant powder particles preferably have their 
surface covered with a lubricant, thereby increasing the degree of alignment of 
the powder in a magnetic field while preventing the powder particles from being 
oxidized due to unwanted exposure to the air. 

[0039] In preferred embodiments of the present invention, in order to broaden 
the particle size distribution of the powder by increasing the volume percentage of 
the chilled structure, the material alloy is preferably embrittled by utilizing a hy- 
drogen occlusion phenomenon before being subjected to the fine pulverization 
process. The chilled structure includes a main phase of an RaFe^B-type 
tetragonal compound and an R-rich phase, and has substantially the same com- 
position as that of the remaining portion of the alloy. However, the chilled struc- 
ture has a microcrystalline structure, in which crystals in the R-rich phase with a 
very small grain size exist at various locations around the main phase. Accord- 
ingly, if a structure such as this is subjected to a hydrogen occlusion process, 
then the R-rich phase swells and collapses eariier and faster than the main phase. 
Thus, this structure is finely pulverizable much more easily than any other type of 
structure. In other words, if this structure is subjected to only a mechanical 
pulverization process without being treated by the hydrogen probess, then the 



13 



particle size distribution of the powder will not be a desired one and the compac- 
tibility cannot be innproved sufficiently. 

[0040] Also, if only the hydrogen occluding and fine pulverization processes 
are performed in combination, then a great number of super-fine powder particles 
with particle sizes of about 1 p m or less might be formed. In that case, the resul- 
tant sintered magnet will have its oxygen concentration increased and its coerciv- 
ity decreased disadvantageously. To avoid these undesirable results, according 
to preferred embodiments of the present invention, at least some of the super- 
fine powder particles with sizes of about 1.0 p m or less are screened out during 
the fine pulverization process, thereby limiting the volume fraction of those super- 
fine powder particles with sizes of about 1.0 p m or less to about 10% or less of 
the total volume of powder particles. 

[0041] Hereinafter, specific preferred embodiments of the present invention 
will be described with reference to the accompanying drawings. 

Material alloy 

[0042] A material alloy with a desired composition for an R-Fe-B-type rare 
earth magnet is prepared using a single-roller-type strip caster (which will be 
herein also referred to as a " melt quenching machine" ) such as that shown 
in FIG. 1. The melt quenching machine shown in FIG. 1 preferably includes a 
melt quenching chamber 1 in which a vacuum or a low-pressure inert atmos- 
phere can be created. As shown in FIG. 1, the machine preferably includes a 
melting crucible 3, a chill roller 5, a shoot (or tundish) 4, and a collector 8. First, 
a material alloy is melted in the melting crucible 3 to make a melt 2. Next, the 
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melt 2 is teemed by way of the shoot 4 onto the chill roller 5 so as to be rapidly 
cooled and solidified thereon. The rapidly solidified alloy then leaves the roller 
5 as a thin-strip alloy 7 as the roller 5 rotates. Thereafter, the thin-strip alloy 7 
is collected in the collector 8. 

[0043] The melting crucible 3 is arranged to pour the melt 2, prepared by 
melting the material alloy, onto the shoot 4 at a substantially constant feeding 
rate. The feeding rate is arbitrarily controllable by tilting the melting crucible 3 
at a desired angle, for example. 

[0044] The outer circumference of the chill roller 5 is preferably made of a 
material with good thermal conductivity (e.g., copper or other suitable material). 
The roller 5 may have a diameter of about 30 cm to about 100 cm and a width 
of about 15 cm to about 1 00 cm. The chill roller 5 can cool itself by allowing 
water to flow through the inside of the roller 5. The roller 5 can be rotated at a 
predetermined velocity by a motor (not shown) or other suitable device. By 
controlling this rotational velocity, the surface velocity of the chill roller 5 is arbi- 
trarily adjustable. The cooling rate achieved by this melt quenching machine is 
preferably controllable within a range from about I02 °C/sec to approximately 
2x10^ °C/sec by selecting an appropriate rotational velocity for the chill roller 5, 
for example. 

[0045] The shoot 4 is located at such a position that an angle 6 is formed 
between a line connecting the center and top of the roller 5 to each other and a 
line connecting the center of the roller 5 to a point on the surface of the roller 6 
that faces the far end of the shoot 4. The melt 2, which has been poured onto 
the shoot 4, is then teemed through the far end of the shoot 4 onto the surface 
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of the chill roller 5. 

[0046] The shoot 4 may be made of a ceramic, for example, or other suit- 

able material. The shoot 4 can rectify the flow of the melt 2 by delaying the 

flow velocity of the melt 2 to such a degree so as to temporarily reserve the 

flow of the melt 2 that is being continuously supplied from the melting crucible 3 

at a predetermined flow rate. This rectification effect can be further improved 

* 

with a dam plate (not shown) for selectively damming back the surface flow of 
the melt 2 that has been poured onto the shoot 4. 

[0047] By using this shoot 4, the melt 2 can be teemed so as to have a sub- 
stantially constant width in the longitudinal direction of the chill roller 5. As used 
herein, the " longitudinal direction" of the chill roller 5 is equivalent to the axial 
direction of the roller 5. Also, the melt 2 being teemed can be spread so as to 
have a substantially uniform thickness. In addition, the shoot 4 can also adjust 
the temperature of the melt 2 that is going to reach the chill roller 5. The tem- 
perature of the melt 2 on the shoot 4 is preferably higher than the liquidus tem- 
perature thereof by about 100 or more. This is because if the temperature 
of the melt 2 Is too low, Initial crystals, which will affect the properties of the re- 
sultant rapidly solidified alloy, might locally nucleate and remain in the rapidly 
solidified alloy. The temperature of the melt 2 on the shoot 4 is controllable by 
adjusting the temperature of the melt 2 that is being poured from, the melting 
crucible 3 toward the shoot 4 or the heat capacity of the shoot 4 itself, for exam- 
ple. If necessary, a shoot heater (not shown) may be provided specially for this 
purpose. 

[0048] Using this melt quenching machine, an alloy with a composition con- 
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sisting of, for example, about 30.8 wt% (mass percent) of Nd; about 3.8 wt% of 
Pr; about 0.8 w% of Dy; about 1.0 wt% of B; about 0.9 wt% of Co; about 0.23 
wt% of Al; about 0.10 wt% of Cu; and Fe and inevitably contained impurities as 
ttie balance is melted to form a melt of the alloy. The melt has its temperature 
kept at approximately 1350 and then brought into contact with, and rapidly 
cooled by, the surface of the chill roller, thereby obtaining flakes of strip-cast 
alloy with a thickness of about 0.1 mm to about 5 mm. The rapid solidification 
process may preferably be performed at a roller surface velocity of about 1 
m/sec to about 3 m/sec and at a cooling rate of about 1 02 to 2^1 0^ °C/sec. In 
this preferred embodiment, to increase the volume percentage of a chilled struc- 
ture intentionally, the pressure of the atmosphere inside the melt quenching 
chamber is preferably decreased so that the melt can have its heat dissipated 
more efficiently from the roller contact surface thereof (i.e., so that the melt can 
keep closer contact with the surface of the chill roller). It should be noted that 
even if the weight of the melt teemed per unit time is decreased, the resultant 
volume percentage of a chilled structure can also be increased because the cool- 
ing rate increases in that case, 

[00491 The rapidly solidified alloy obtained in this nnanner is pulverized into 
flal<es with sizes of about 1 mm to about 10 mm before being subjected to the 
next hydrogen pulverization process. It should be noted that a method of pro- 
ducing a material alloy by a strip casting process is also disclosed in United 
States Patent No. 5,383,978, for example. 



First pulverization process 
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[0050] The material alloy that has been coarsely pulverized into the flakes is 
then stuffed into a plurality of material packs (made of stainless steel, for ex- 
ample). After the packs have been placed on a rack, the rack with the packs is 
loaded into a hydrogen furnace. Then, the lid of the hydrogen furnace is closed 
to start a hydrogen embrittiement process (which will be herein also referred to 
as a " hydrogen pulverization process" ). The hydrogen pulverization process 
may be performed following the temperature profile shown in FIG. 2, for exam- 
ple. In the example illustrated in FIG. 2, first, an evacuation process step I is 
executed for approximately 0.5 hours, followed by a hydrogen occlusion proc- 

i 

ess step II for approximately 2.5 hours. In the hydrogen occlusion process step 
II, hydrogen gas is supplied into the furnace to create a hydrogen atmosphere 
inside the furnace. The hydrogen pressure in this process step is preferably 
about 200 kPa to about 400 kPa. 

[0051] Subsequently, a dehydrogenation process step III is executed at a 
reduced pressure of about 0 Pa to about 3 Pa for approximately 5.0 hours, and 
then a material alloy cooling process step IV is performed for approximately 5.0 
hours with argon gas being supplied into the furnace. 

[0052] To improve the cooling efficiency, the cooling process step IV is pref- 
erably performed in the following manner. Specifically, when the temperature 
of the atmosphere inside the furnace is still relatively high (e.g., higher than 
about 100 "C) in the cooling process step IV. an inert gas (e.g., argon gas) with 
an ordinary temperature is supplied into the furnace for the cooling purpose. 
Thereafter, when the material alloy has its temperature decreased to a com- 
paratively low level (e.g.. about 100 "C or less), the inert gas that has been 
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cooled to a temperature lower than the ordinary temperature (e.g.. a tempera- 
ture lower than room temperature by about 10 ^'C) is supplied into the furnace. 
The argon gas may be supplied at a volume flow rate of about 10 m^/min to 
about 100 m^/min. 

[0053] When the temperature of the material alloy has decreased to about 
20 ^^C to about 25 "^C, the inert gas with a temperature that is almost equal to 
the ordinary temperature (i.e., a temperature lower than room temperature by 
no greater than about 5 ""C) is preferably supplied into the hydrogen furnace un- 
til the temperature of the material alloy reaches the ordinary temperature level. 
Then, no condensation will be produced inside the furnace when the lid of the 
hydrogen furnace is opened. If water exists inside the furnace due to any 
condensation, the water will be frozen or vaporized in the evacuation process 
step I. In that undesirable situation, it is difficult to increase the degree of 
vacuum and it takes too much time to carry out the evacuation process step I. 

[0054] When the hydrogen pulverization process is completed, the coarsely 
pulverized alloy powder should preferably be unloaded from the hydrogen fur- 
nace in an inert atmosphere so as not to be exposed to the air. This prevents 
oxidation or heat generation of the coarsely pulverized powder and improves 
the magnetic properties of the resultant magnet. The coarsely pulverized ma- 
terial alloy is then stuffed into a plurality of material packs, which will be placed 
on a rack. Any of the apparatuses and methods for the hydrogen pulverization 
described in co-pending U.S. Patent Application Serial Number 09/503,738, 
filed on February 1 5, 2000, which is incorporated herein by reference, are use- 
ful in various preferred embodiments of the present Invention. 
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[0055] As a result of this hydrogen pulverization process, the rare earth ma- 
terial alloy is pulverized to sizes of about 0.1 mm to about several millimeters 
with a mean particle size of about 500 p m or less. After the hydrogen pulveri- 
zation, the embrittled material alloy is preferably further cracked to finer sizes 
and cooled with a cooling system such as a rotary cooler. If the material alloy 
unloaded still has a relatively high temperature, then the alloy should be cooled 
for a longer time using the rotary cooler or other suitable device. 

[0056] On the surface of the coarsely pulverized powder obtained by this hy- 
drogen pulverization process, a rare earth element such as Nd has been ex- 
posed a lot. Thus, the powder is very easily oxidizable at this point in time. To 
prevent the oxidation, about 0.04 wt% of zinc stearate is preferably added as a 
supplementary pulverization agent to the powder before the next fine pulveriza- 
tion process is started. 

Second pulverization process 

[0057] Next, the coarsely pulverized powder obtained by the first pulveriza- 
tion process Is finely pulverized preferably with a jet mill machine. In the jet mill 
machine of this preferred embodiment, a cyclone classifier provided to remove 
unwanted fine powder particles is connected to a pulverizer. 

[0058] Hereinafter, the fine pulverization process (i.e., the second pulveriza- 
tion process) using the jet mill machine will be described in detail with refer- 
ence to FIG. 3. 

[0059] As shown in FIG. 3, the jet mill machine 10 preferably includes a ma- 
terial feeder 12, a pulverizer 14, a cyclone classifier 16 and a collecting tank 18. 
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The material feeder 12 feeds the rare earth alloy, which has been coarsely pul- 
verized in the first pulverization process, to the pulverizer 14. The pulverizer 14 
finely pulverizes the material to be pulverized that has been supplied from the 
material feeder 12. The cyclone classifier 16 classifies the powder particles ob- 
tained by pulverizing the material to be pulverized with the pulverizer 14. The 
collecting tank 18 collects the powder particles that have been sorted out by the 
cyclone classifier 16 so as to have a predetermined particle size distribution. 

[0060] The material feeder 12 preferably includes a material tank 20 for re- 
ceiving and storing the material to be pulverized, a motor 22 for controlling a 
rate at which the material to be pulverized is fed from the material tank 20, and 
a spiral screw feeder 24 connected to the motor 22. 

[0061] The pulverizer 14 preferably includes a vertically mounted, substan- 
tially cylindrical pulverizer body 26. The lower portion of the pulverizer body 26 
is provided with a plurality of nozzle fittings 28 for connecting to nozzles, 
through which an inert gas (e.g., nitrogen gas) is transmitted at high speed. A 
material feeding pipe 30 is connected to a side of the pulverizer body 26 to in- 
troduce the material to be pulverized Into the pulverizer body 26. 

[0062] The material feeding pipe 30 is provided with a pair of valves 32. i.e., 
upper and lower valves 32a and 32b, for temporarily holding the material to be 
fed and pulverized and keeping the pressure inside the pulverizer 14 un- 
changed. The screw feeder 24 and the material feeding pipe 30 are coupled 
together via a flexible pipe 34. 

[0063] The pulverizer 14 further includes a classifying rotor 36 located inside 
the upper portion of the pulverizer body 26, a motor 38 placec^ outside of the 
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upper portion of the pulverizer body 26, and a connection pipe 40 extending 
through the upper portion of the pulverizer body 26. The motor 38 drives the 
classifying rotor 36. Powder particles of a predetermined size or less are 
sorted out by the classifying rotor 36 and output from the pulverizer 14 through 
the connection pipe 40. 

[0064] The pulverizer 14 includes a plurality of support legs 42, and is 
mounted on a base 44 with the legs 42 placed on the base 44. The base 44 is 
arranged so as to surround the outer circumference of the pulverizer 14, In this 
preferred embodiment, weight detectors 46 such as load cells are preferably 
provided between the legs 42 of the pulverizer 14 and the base 44. In accor- 
dance with the outputs of the weight detectors 46, a controller 48 finely adjusts 
the rotational velocity of the motor 22, thereby controlling the feeding rate of the 
material to be pulverized. 

[0065] The cyclone classifier 1 6 preferably includes a classifier body 64. an 
exhaust pipe 66 inserted into the classifier body 64 so as to extend downward 
inside the body 64, and an inlet port 68 extending through one sjde of the clas- 
sifier body 64 to introduce the powder particles that have been selectively 
passed by the classifying rotor 36. The inlet port 68 and the connection pipe 
40 are coupled together via a flexible pipe 70. The classifier 16 further includes 
an outlet port 72 at the bottom of the classifier body 64 to connect the classifier 
body 64 to the collecting tank 18 in which desired finely pulverized powder par- 
ticles should be collected. 

[0066] The flexible pipes 34 and 70 may be made of a resin or rubber. Al- 
ternatively, the pipes 34 and 70 may also be made of a material with a high ri- 
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gidity so long as the pipes 34 and 70 have an accordion or coil shape so as to 
have a required degree of flexibility. When these flexible pipes 34 and 70 are 
used, changes in the weights of the material tank 20, screw feeder 24, classi- 
fier body 64 and collecting tank 18 are not transmitted to the legs 42 of the pul- 
verizer 14. Accordingly, just by using the weight detectors 46 under the legs 42, 
the weight of the material to be pulverized remaining in the pulverizer 14, as 
well as any variation in the weight, can be detected accurately enough and the 
rate at which the material to be pulverized is fed into the pulverizer 14 is control- 
lable precisely enough. 

[0067] Next, it will be described how to finely pulverize the coarsely pulver- 
ized powder using this, jet hnill machine 10. 

[0068] First, the material to be pulverized is put into the material tank 20 and 
then fed into the pulverizer 14 by the screw feeder 24. In this case, the feeding 
rate of the material to be pulverized can be regulated by controlling the rota- 
tional velocity of the motor 22. The material being supplied by the screw feeder 
24 is temporarily dammed at the valves 32. In this preferred embodiment, the 
upper and lower valves 32a and 32b open and close alternately. That is to say, 
while the upper valve 32a is open, the lower valve 32b is closed. While the up- 
per valve 32a is closed, the lower valve 32b is open. By opening and closing 
the pair of valves 32a and 32b alternately in this manner, the gas with a prede- 
termined pressure inside the pulverizer 14 will not leak toward the material 
feeder 12. Accordingly, when the upper valve 32a is opened, the material to be 
pulverized is supplied to the space between the upper and lower valves 32a 
and 32b. Next, when the lower valve 32b is opened, the material to be pulver- 
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ized is guided through the material feeding pipe 30 into the pulverizer 14. The 
valves 32 are driven at a high speed by a sequencer (not shown), which is pro- 
vided separately from the controller 48, so that the material to be pulverized is 
fed into the pulverizer 14 continuously. 

[0069] The material to be pulverized that has been fed into the pulverizer 14 
is blown up by the high-speed jets of inert gas injected through the nozzle fit- 
tings 28 and swirl together with high-speed gas flows inside the pulverizer 14. 
While swirling, the particles of the material collide against each other so as to 
be finely pulverized. 

[0070] The powder particles, which have been finely pulverized in this man- 
ner, are guided upward by ascending gas flows to reach the classifying rotor 36, 
where the particles are classified (i.e., only particles of a predetermined size or 
less are selectively passed and coarse particles are thrown down to be pulver- 
ized again). The powder particles that have been pulverized to the predeter- 
mined size or less are passed through the connection pipe 40 and flexible pipe 
70 and .then introduced into the classifier body 64 of the cyclone classifier 16 
via the inlet port 68. By using the classifying rotor 36, powder particles of sizes 
greater than a particle size representing the peak of the particle size distribution 
can be removed effidently. If there are a large number of powder particles with 
sizes of greater than about 10 p m in the resultant powder, then the coercivity of 
a sintered magnet made from the powder should be lower than expected. Thus, 
the volume fraction of those powder particles having sizes of greater than about 
10 p m is preferably reduced by using the classifying rotor 36. In this preferred 
embodiment, the fraction of the particles with sizes of greater than about 10pm 
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is restricted to about 10% or less of the total volume of powder particles in the re- 
sultant powder. 

[0071] Powder particles having relatively large sizes (i.e., equal to or greater 
than the predetermined particle size) are sorted out by the classifier 16 and 
then deposited in the collecting tank 18 located under the classifier body 64. 
On the other hand, super-fine powder particles are blown up by the inert gas 
flows and most of them are output from the classifier 16 through the exhaust 
pipe 66. In this preferred embodiment, most of the super-fine powder particles 
are eliminated through the exhaust pipe 66, thereby reducing the volume 
fraction of remaining super-fine powder particles (with sizes of about 1.0 p m or 
less) to the total volume of powder particles collected in the collecting tank 18. 
Preferably, the volume fraction of those remaining super-fine powder particles 
with sizes of about 1.0 p m or less is controlled at approximately 10% or less of 
the total volume of powder particles collected. 

[0072] Once those R-rich super-fine powder particles have been mostly re- 
moved in this manner, a smaller amount of rare earth element R will be oxi- 
dized in the resultant sintered magnet. As a result, the magnet has greatly 
improved magnetic properties. 

[0073] As described above, in this preferred embodiment, the cyclone classi- 
fier 16 with the blow-up function is used as a classifier connected to the jet mill 
(i.e., pulverizer 14) as a succeeding stage member thereof. In the cyclone 
classifier 16 of this type, most of the super-fine powder particles with sizes 
equal to or less than the predetermined particle size are blown up and then out- 
put from the jet mill machine 10 through the pipe 66 without being collected in 
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the collecting tank 18. 

[0074] The particle sizes of the super-fine powder particles to be exhausted 
through the pipe 66 are controllable by appropriately determining cyclone pa- 
rameters as described in " Powder Technology Pocketbook" , Kogyo Chosa- 
kai Publishing Co., Ltd., pp. 92-96, for example, and by regulating the pressure 
of the inert gas flows. 

[0075] According to this preferred embodiment, an alloy powder, which pref- 
erably has a mean particle size (which is an FSSS particle size as defined by 
Fisher Sub-Sieve Sizer method) of e.g., about 4.0 p m or less, and in which the 
fraction of super-fine powder particles with sizes of about 1.0 p m or less is ap- 
proximately 10% or less of the total volume of powder particles, can be ob- 
tained. 

[0076] To minimize the oxidation in the pulverization process, the concentra- 
tion of oxygen contained in the high-speed inert gas flows for use in the fine 
pulverization process should preferably be reduced to about 1,000 ppm by vol- 
ume to about 20,000 ppm by volume, more preferably to about 5,000 ppm by 
volume to about 10,000 ppm by volume. A fine pulverization method including 
the control of oxygen concentration in the high-speed gas flows is described in 
Japanese Patent Examined Publication No. 6-6728. 

[0077] By controlling the concentration of oxygen contained in the atmos- 
phere during the fine pulverization process in this manner, the concentration of 
oxygen contained in the finely pulverized alloy powder is preferably controlled 
to be about 6,000 ppm by mass or less. This is because if the concentration of 
oxygen contained in the rare earth alloy powder exceeds abou\ 6,000 ppm by 
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mass, the percentage of non-magnetic oxides in the resultant sintered magnet 
increases too much, thus deteriorating the magnetic properties of the resultant 
sintered magnet. 

[0078] In this preferred embodiment, R-rich super-fine powder particles are 
removable appropriately. Accordingly, the concentration of oxygen in the pow- 
der is controllable at about 6,000 ppm by mass or less by regulating the con- 
centration of oxygen in the inert atmosphere during the fine pulverization 
process. However, unless those R-rich super-fine powder particles were re- 
moved, the volume fraction of the super-fine powder particles would exceed 
approximately 10% of the total volume of powder particles collected. In that 
case, no matter how much the concentration of oxygen in the inert atmosphere 
is reduced, the concentration of oxygen in the finally obtained powder should 
exceed about 6,000 ppm by mass. It should be noted that if the powder is 
compacted in the air, the powder preferably contains oxygen at 3,500 ppm or 
more as disclosed in United States Patent Application Serial Number 
09/806,096, which is hereby incorporated by reference. 

[0079] According to this preferred embodiment, a chilled structure is included 
in the rapidly solidified alloy. Thus, if the alloy is pulverized through these proc- 
esses, the resultant powder will have a relatively small mean particle size but a 
sufficiently broad particle size distribution (as for particle sizes smaller than the 
peak thereof). Accordingly, a finely pulverized powder with excellent compactibil- 
ity can be obtained. 

[0080] In the preferred embodiment described above, the second pulveriza- 
tion process is performed using the jet mill machine 10 constructed as shown in 
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FIG. 3. However, the present invention is not limited to this particular preferred 
embodiment, but is applicable to a jet mill machine with any other construction 
or any other type of pulverizer (e.g., attritor or ball mill pulverizer). As an alter- 
native classifier for removing the super-fine powder particles, a centrifugal 
classifier such as a FATONGEREN type classifier or a micro-separator may 
also be used instead of the cyclone classifier. 

Addition of lubricant 

[0081] A liquid lubricant or binder, which is preferably mainly composed of 
an aliphatic ester, for example, is added to the material alloy powder that is 
prepared by the above-described process. For example, about 0.15 wt% to 
about 5.0 wt% of lubricant may be added to, and mixed with, the powder using 
a machine such as a rocking mixer within an inert atmosphere. Examples of 
the aliphatic esters include methyl caproate, methyl caprate and methyl laurate. 
The lubricant should be vaporlzable and removable in a subsequent process step. 
Also, if the lubricant itself is a solid that is hard to mix with the alloy powder uni- 
formly, then the lubricant may be diluted with a solvent. As the solvent, a petro- 
leum solvent such as isoparaffin or naphthenic solvent may be used. The 
lubricant may be added at any time, including before, during, or after the fine 
pulverization process. The liquid lubricant covers the surface of the powder 
particles, thereby preventing the particles from being oxidized. In addition, the 
liquid lubricant can also uniformize the density of the powder being compacted 
to reduce friction between the particles, thus improving the compactibility 
thereof. Furthermore, the liquid lubricant can also minimize the disorder in 
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magnetic alignment. Altematively, a solid lubricant such as zinc stearate may 
also be used. Then, the solid lubricant may be mixed with the alloy being pul- 
verized. Other suitable lubricants may be used. 

Compaction 

[0082] Next, the magnetic powder prepared by the above-described process 
is compacted In an aligning field using known presses. In this preferred em- 
bodiment, to increase the degree of alignment in the magnetic field, the com- 
paction pressure is preferably controlled within a range from about 5 MPa to 
about 100 MPa, more preferably from about 15 MPa to about 40 MPa. When 
the compaction process is completed, the powder compact is brought upward 
by a lower punch and taken out of the press. 

[0083] In this preferred embodiment, the powder prepared has had its com- 
pactibility improved. Accordingly, the as-pressed compact can have its 
springback reduced, and the resultant powder compact is much less likely to 
experience cracks or chips. Also, by setting the compaction pressure relatively 
low, a powder compact having a high degree of magnetic alignment can be ob- 
tained while having a complex shape with a good production yield. In this 
manner, this preferred embodiment greatly reduces both the overall process 
time and the amount of the material wasted by a polishing process, for example, 
as compared to a known process in which a block-like sintered magnet is 
formed first and then processed into a desired shape. 

[0084] Next, the compact is placed on a sintering bedplate made of molyb- 
denum, for example, and then introduced, along with the bedplate, into a sinter- 
ing case. The sintering case including the compact is transportefl to a sintering 
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furnace, where the compact is subjected to a known sintering process to pro- 
duce a sinter The sinter is then subjected to aging treatment, surface polish- 
ing or coating deposition if necessary. 

[0085] In this preferred embodiment, the powder to be compacted preferably 
includes easily-oxidizable R-rich super-fine powder particles at a much reduced 
percentage. Accordingly, even just after the powder has been compacted, the 
compact much less likely generates heat or fires due to the oxidation. That is. 
the removal of the R-rich super-fine powder particles not only improves the 
magnetic properties but guarantees a higher degree of safety as well. 

Example and Comparative Example 

[0086] In this example of preferred embodiments of the present invention, a 
melt of an alloy, including about 30.8 wt% of Nd, about 1 .2 w% of Dy, about 1 .0 
wt% of B, about 0.3 wt% of Al; and Fe as the balance, was cooled and solidi- 
fied at a controlled melt feeding rate, thereby changing the percentage of a 
chilled structure in the resultant rapidly solidified alloy within a range from about 0 
to about 25 volume percent. 

[0087] FIG. 4 is a microgram illustrating a microcrystalline cross-sectional 
structure of a rapidly solidified alloy in which no chilled structure has been formed. 
FIG. 5 is a microgram illustrating a microcrystalline cross-sectional structure of a 
rapidly solidified alloy in which a chilled structure has been formed at about 10 
volume percent. 

[0088] In FIGS. 4 and 5, the lower surface of the rapidly solidified alloy corre- 
sponds to a surface thereof that was in contact with the surface of a chill roller. In 



30 



the rapidly solidified alloy shown in FIG. 4, a columnar crystal structure covers the 
entire cross section thereof. In the rapidly solidified alloy shown in FIG. 5 on the 
other hand, a chilled structure, which has a fine structure different from that of co- 
lumnar crystals, has been formed in a region about several tens \i m over the 
roller contact surface. 

[0089] The volume percentage of the chilled structure in a rapidly solidified al- 
loy (which will be herein referred to as a " chilled structure percentage" ) can be 
measured by reference to a microgram illustrating a cross section of the rapidly 
solidified alloy and calculating the area ratio of the chilled structure observed in 
the microgram. In the microgram representing the cross section of the rapidly so- 
lidified alloy, the chilled structure is identifiable by determining whether or not the 
columnar structure exists in a given portion thereof. That is to say, if a portion of 
the rapidly solidified alloy near the roller contact surface has no columnar struc- 
ture and if the crystals existing in that portion have grain sizes of about 5 p m or 
less, then that portion Is regarded as having a chilled structure. 

[00901 The rapidly solidified alloy was pulverized by performing the pulveriza- 
tion processes described above, thereby obtaining a finely pulverized powder 
with a mean particle size (or an FSSS particle size in this case) of about 2.8 p m 
to about 4-0 p m. FIG. 6 illustrates the particle size distribution of a finely pulver- 
ized powder made from a rapidly solidified alloy with a chilled structure percent- 
age of about 0 volume percent (representing a comparative example) and that of 
a finely pulverized powder made from a rapidly solidified alloy with a chilled struc- 
ture percentage of about 10 volume percent (representing an example of pre- 
ferred embodiments of the present invention). The particle size distributions were 
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measured using a particle size analyzer " HELOS" produced by Sympatec 
Corp. This particle size analyzer utilizes a decrease in the quantity of a high- 
speed scanning laser beam transmitted when the laser beam is blocked by pow- 
der particles. Thus, the particle size analyzer can obtain the particle size directly 
from the time it takes for the laser beam to pass the particles. 

[0091] In the graph illustrated in FIG. 6, the volume percentage of particles 
with various sizes falling within a particle size range from about 0.5 to about 1 .5 
p m is plotted as a volume percentage of particles with a particle size of about 1 
p m. In the same way, the volume percentage of particles with various sizes fal- 
ling within a particle size range from about 1.5 to about 2.5 p m is plotted as a 
volume percentage of particles with a particle size of about 2 pm. That is to say, 
the total volume percentage of particles with various sizes falling within a particle 
size range from approximately (N - 0.5) to approximately (N + 0.5) p m is plotted 
as a volume percentage of particles with a particle size of N p m. A particle size 
distribution of this type will be herein referred to as a " volume particle size distri- 
bution" . 

[0092] The following results are clearly understandable from FIG. 6. 

[0093] The volume particle size distributions of the example of preferred em- 
bodiments of the present invention and the comparative example each have a 
single peak. However, the particle size distribution corresponding to the rapidly 
solidified alloy including the chilled structure is broader than the distribution corre- 
sponding to the rapidly solidified alloy including no chilled structure. 

[0094] As for the example of preferred embodiments of the present invention, 
a particle size A representing the peak of the volume particle sizp distribution is 
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about 4 M m. Also, the total volume of particles with sizes falling within a first 
particle size range from the particle size A to a predetermined particle size B 
(where particle size A > particle size B) is greater than the total volume of par- 
ticles with sizes falling within a second particle size range from the particle size 
A to another predetermined particle size C (where particle size C > particle 
size A). It should be noted that the width of the second particle size range (i.e., 
particle size C minus particle size A) is preferably substantially equal to that of 

t 

the first particle size range (i.e., particle size A minus particle size B). 

[0095] The total volume of particles with sizes falling within a predetermined 
particle size range corresponds to the area of a region that is surrounded by the 
curve representing the particle size distribution and two lines defining the parti- 
cle size range. FIG. 7A is a graph illustrating only the cun/e shown in FIG. 6 for 
the example of preferred embodiments of the present invention. As shown in FIG. 
7A, the total volume of particles with particle sizes of about 2 p m to about 4pm 
corresponds to the area of the region X. In the same way, the total volume of 
particles with particle sizes of about 4 p m to about 6pm corresponds to the 
area of the region Y. As can be seen from FIG. 7A, the area of the region X is 
greater than that of the region Y. 

[00961 FIG. 7B is a graph illustrating only the curve shown in FIG. 6 for the 
comparative example. As shown in FIG. 7B, the total volume of particles with 
particle sizes of about 2 p m to about 4pm con^esponds to the area of the re- 
gion X' . In the same way, the total volume of particles with particle sizes of 
about 4 p m to about 6pm corresponds to the area of the region Y' . As can 
be seen from FIG. 7B, the area of the region X' Is smaller than that of the region 
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Y' . 

[0097] As also can be seen from FIG. 7A, in the example of prefen-ed em- 
bodiments of the present invention, a particle size D corresponding to the center 
of the full width at half maximum of the volume particle size distribution is smaller 
than the particle size A representing the peak of the volume particle size distribu- 
tion. In the comparative example on the other hand, a particle size D 
corresponding to the center of the full width at half maximum of the volume 
particle size distribution is larger than the particle size A representing the peak of 
the volume particle size distribution as shown In FIG. 7B. 

[0098] It should be noted that the mean particle size (or FSSS particle size in 
this case) of the example was about 3.2 [i m, while that of the comparative ex- 
ample was about 3.5 p m. In the prior art, if the powder has its mean particle 
size that is decreased in this manner, then the flowability thereof deteriorates 
seriously. In contrast, according to preferred embodiments of the present inven- 
tion, a portion of the particle size distribution covering the smaller sizes has a 
broadened width. For that reason, the powder of preferred embodiments of the 
present Invention is much less likely to have its compactibility decreased. In 
addition, according to preferred embodiments of the present invention, the 
other portion of the particle size distribution covering the larger sizes has a nar- 
rowed width and the mean particle size is relatively small. Thus, the resultant 
sintered magnet has fine crystal grains and its coerdvity increases advanta- 
geously. 

[00991 Next, about 0.3 wt% of methyl caproate, diluted with a petroleum sol- 
vent, was added to this powder and the mixture was compacted using a die 



34 



press machine to obtain a powder compact witti approximate dimensions of 25 
mm X 20 mm x 20 mm. Tlie compaction pressure was set at about 30 MPa. 
During the compaction process, an aligning field with an intensity of about 1200 
kA/m was applied to the powder vertically to a uniaxial compaction direction. 
After the powder was compacted, the compact was sintered within an argon 
atmosphere. The sintering process was can-led out at about 1060 °C for ap- 
proximately 5 hours. After the sinter was subjected to an aging treatment, the 
resultant sintered magnet had its remanence Br, coercivity Hcj and maximum 
energy product (BH)max measured." The results are shown in the following Ta- 
ble 1 , in which the compact density and the magnetic properties are shown for 
each chilled structure percentage: 



Table 1 



Chilled 1 


Compact 


Magnet properties 


Structure 


Density 


Br 


(BH)max 


Hcj 


Percentage 


(g/cm3) 


(T) 


(kJ/m3) 


(kA/m) 


(vol%) 1 










0 


4.18 


1 .328 


335.1 


1176.3 


1 


4.22 


1.327 


334.8 


1175.6 


2 


4.31 1 


1.326 


334.0 


1174.5 


5 


1 4.36 


j 1 .328 


335.5 


1168.7 


10 


4.38 


1 .325 


333.3 


1153.7 


15 


4.36 


1 .325 


332.8 


1 1 52.6 


20 


4.39 


i .326 


333.9 


1148.7 


25 


1 4.36 


1 1.321 


331.8 


1141.2 



[0100] As can be seen from Table 1 , if the chilled structure percentage is 
about 2% or more, a compact density of approximately 4.3 g/cm^ or more can 
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be obtained and the compactibiiity improves. However, the larger the chilled 
structure percentage, the lower the coercivity. This is because the increase in 
volume percentage of easily oxidizable chilled structure adversely increases the 
volume of unwanted oxides in the rare earth magnet. 

[0101] In view of these considerations, the chilled structure percentage is 
preferably about 2 vol% to about 20 vol%. If increasing the compact density 
should be given a higher priority, then the chilled structure percentage is pref- 
erably greater than about 5 vol%. On the other hand, if there is a strong need 
for avoiding the decrease in coercivity, then the chilled structure percentage is 
preferably about 15 vol% or less, more preferably about 10 vol% or less. 

[0102] In the foregoing illustrative preferred embodiments, the present inven- 
tion has been described as being applied to a rapidly solidified alloy prepared 
by a strip casting process. However, the present invention is not limited to 
these particular preferred embodiments. For example, the present invention is 
applicable effectively enough to an alloy prepared by a rapid cooling process 
including centrifugal casting, or other suitable alloys prepared by various rapid 
cooling processes. 

Alloy composition 

[0103] As the rare earth element R, at least one element selected from the 
group consisting of Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm and Lu may preferably be 
used. To realize a suffidently high magnetization, about 50 at% or more of the 
rare earth element R is preferably Pr and/or Nd. 

[0104] If the mole fraction of the rare earth element R is loweV than about 8 
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at%, then a -Fe phase will precipitate, thus possibly decreasing the coercivity. 
On the other hand, if the mole fraction of the rare earth element R exceeds about 
18 at%, an R-rich second phase will precipitate greatly in addition to the desired 
tetragonal Nd2Fei4B phase. As a result, the magnetization might drop in that 
case. For these reasons, the rare earth element R preferably accounts for about 
8% to about 1 8% of the total material alloy. 

[0105] Examples of preferred transition metal elements, at least one of which 
is substituted for a portion of Fe, include not only Co but also Ni, V, Cr, Mn, Cu, 
Zr, Mb and Mo. However, Fe preferably accounts for about 50 at% or more of 
the entire transition metal elements included. This is because when Fe accounts 
for less than about 50 at%, the saturation magnetization itself of the Nd2Fei4B 
compound decreases. 

[0106] B and/or C are/is indispensable to precipitate the tetragonal Nd2Fei4B 
crystal structure stably enough. If the mole fraction of B and/or C added is less 
than about 3 at%, then an R2T17 phase will precipitate, thus decreasing the coer- 
civity and seriously deteriorating the loop squareness of the demagnetization 
curve. However, if the mole fraction of B and/or C added exceeds about 20 at%, 
then a second phase with a low magnetization will precipitate unintentionally. 

[0107] To further improve the magnetic anisotropy of the resultant powder, 
another element M may be added. The additive M is preferably at least one 
element selected from the group consisting of Al, Ti, V, Cr, Ni, Ga, Zr. Nb, Mo, In. 
Sn. Hf, Ta and W. However, it is possible not to add these elements M at all. 
In adding at least one of them, the mole fraction of the additive M is preferably 
about 3 at% or less. This is because if the element M is added at a concentra- 
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tion of more than about 3 at%, then a non-ferromagnetic second phase will 
precipitate to decrease the magnetization disadvantageously. To obtain a mag- 
netically isotropic powder, no additives M are needed. Even so, Al, Cu and/or Ga 
may be added to increase the intrinsic coercivity. 

[0108] An inventive alloy powder for an R-Fe-B-type rare earth magnet is ob- 
tained by embrittling a rapidly solidified alloy, including an appropriate volume 
percentage of a chilled structure, through a hydrogen occlusion process and 
then finely pulverizing the embrittled alloy. Accordingly, the resultant powder has 
a particle size distribution optimized for improving the compactibility thereof. 
Consequently, according to preferred embodiments of the present invention, 
complex-shaped powder compacts with a high degree of magnetic alignment can 
be mass-produced with a good yield even if the compaction pressure is relatively 
low. 

[0109] While the present invention has been described with respect to pre- 
ferred embodiments thereof, it will be apparent to those skilled in the art that 
the disclosed invention may be modified in numerous ways and may assume 
many embodiments other than those specifically described above. Accordingly, 
it is intended that the appended claims cover all modifications of the invention 
that fall within the true spirit and scope of the invention. 



